The presence of the envelope glycoprotein Env in HIV-1 virions is essential for infectivity. To date, the molecular mechanism by which Env is packaged into virions has been largely unknown. Here, we show that TIP47 (tail-interacting protein of 47 kDa), which has been shown to interact with Env, also binds the MA (matrix) domain of HIV-1 Gag protein and that these three proteins form a ternary complex. Mutations in Gag that abrogate interaction with TIP47 inhibit Env incorporation and virion infectivity as well as colocalization between Gag and Env. We also show that TIP47 silencing impairs Env incorporation and infectivity and abolishes coimmunoprecipitation of Gag with Env. In contrast, overexpression of TIP47 increases Env packaging. Last, we demonstrate that TIP47 can interact simultaneously with Env and Gag. Taken together, our results show that TIP47 is a cellular cofactor that plays an essential role in Env incorporation, allowing the encounter and the physical association between HIV-1 Gag and Env proteins during the viral assembly process.
T
he incorporation of the HIV-1 envelope glycoprotein Env into virions confers infectivity to HIV-1 particles, making it a key step in the viral life cycle. Env is synthesized as a precursor, gp160, which is cleaved to give the surface subunit SUgp120 and the transmembrane subunit TMgp41. This SUgp120͞TMgp41 complex is then incorporated into budding virions. SUgp120 binds to the CD4 receptor of cells and then to the coreceptor, initiating HIV-1 entry, whereas TMgp41 induces the membrane fusion between viral and cellular lipid bilayers (1, 2) .
Recent studies have elucidated most of the molecular mechanisms involved in the budding of HIV and other retroviruses (3) . However, the mechanisms that govern the incorporation of Env into viral particles, conferring infectivity to these particles, remain largely unknown. Many studies suggest that the cytoplasmic domain (CD) of TMgp41 (TMgp41 CD) and the MA (matrix) domain of the Gag protein, a protein that is closely associated with the virion membrane, together with putative cellular cofactors, play a central role in this mechanism. Two models have been suggested for HIV-1 Env packaging. The first one, the ''active packaging'' model, proposes that a specific interaction occurs between Gag and Env proteins. This model is based on the observation that many deletions and substitutions in the MA domain and in the TMgp41 CD abolish the packaging of Env into Gag particles, whereas particle release remains unaffected (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . This model is also supported by an in vitro study that showed direct binding between HIV-1 MA and TMgp41 CD peptides (18) and by the fact that HIV-1 Env functions to drive basolateral budding of Gag in polarized cells (19) . In the second model, the ''passive packaging'' model, Env is thought to be passively incorporated into nascent virions at the plasma membrane. HIV-1 Gag particles are able to accommodate heterologous Env proteins [such as those of murine leukemia virus or vesicular stomatitis virus (VSV)], and the TMgp41 CD has been found, in some cases, to be unnecessary for HIV-1 Env incorporation, supporting this passive model (6, 11, 20, 21) .
We have recently shown that Env returns to the trans-Golgi network (TGN) after its internalization from the cell surface (22) . This Env retrograde transport is mediated by a direct interaction between the cytoplasmic tail of Env and TIP47 (tail-interacting protein of 47 kDa), a protein previously described as essential for the endosome-to-TGN retrograde transport of mannose-6-phosphate receptors (23) . The retrograde transport of Env to the TGN requires a Y 802 W 803 diaromatic motif to be present in the TMgp41 CD. Mutations in this motif abolish the interaction of Env with TIP47, the targeting of Env to the TGN, and Env incorporation (22) .
Here, we report that TIP47 acts as a linker between Gag and Env through its binding to MA and to the cytoplasmic tail of TMgp41, thus mediating Env incorporation. Both virion infectivity and Env incorporation are impaired by TIP47 silencing or by mutations abolishing TIP47-MA interaction. Moreover, the overexpression of TIP47 increases Env incorporation. Taken together, our results demonstrate that TIP47 is a cellular cofactor that plays an essential role in Env incorporation into HIV-1 virions by allowing the interaction between Gag and Env.
Results

Depletion of TIP47 in Producer Cells Abolishes Env Incorporation into
Virions. We investigated the role of cellular TIP47 in HIV-1 infectivity and in the Env incorporation process by infecting TIP47-depleted Jurkat T cells with HIV-1. Similar levels of HIV-1 Env TMgp41 subunit and Gag products (Pr55Gag, p41, and CAp24) were observed in producer T cells treated with siRNA against TIP47 (siTIP-B) or with siRNA against the GL2 luciferase sequence (siLuc) (24) used as a control (Fig. 1A Upper) , indicating that TIP47 silencing did not influence the synthesis of intracellular Gag and Env proteins. Interestingly, the level of TMgp41 in virions produced from TIP47-depleted cells was much lower than in control virions ( Fig. 1 A Lower, lane 3 vs. lane 2), whereas similar levels of CAp24 (Gag protein) were found in all virus preparations ( Fig. 1 A Lower) . Moreover, this Env incorporation defect was correlated with a 16-fold decrease in infectious titers (Fig. 1B) . These results were confirmed in HeLa cells (compare lane 2 with lanes 3 and 4 in Fig. 8A Lower, which is published as supporting information on the PNAS web site). These effects were observed with two different siRNAs, siTIP-A and siTIP-B, and could be suppressed by reexpression of the HA-TIP47 construct, which is resistant to siRNA TIP-A. Transcomplementation of TIP47-depleted cells with HA-TIP47 restored both Env incorporation (Fig. 8A Lower, lane 5) and infectivity (Fig. 8C ) of the produced virions.
Taken together, these results demonstrate that TIP47 is essential for Env incorporation into virions. These data were corroborated by the fact that depletion of TIP47 strongly affected the spreading of HIV-1 in HeLa P4-2 and Jurkat T cell cultures (data not shown).
Overexpression of TIP47 Enhances Env Incorporation into Virions.
Next, we investigated whether overexpression of TIP47 could increase the amount of Env that is incorporated into virions. We produced HIV-1 from HeLa cells transfected with HIV-1 proviral DNA and a vector expressing HA-TIP47. We detected similar levels of Gag protein in cells overexpressing HA-TIP47 and in control cells (Fig. 2 Upper, lane 3 vs. lane 1). In contrast, the level of TMgp41 was three times lower in cells overexpressing HA-TIP47 (Fig. 2 Upper, lane 3 vs. lane 1). This decrease in producer cells correlated with an increase in the level of TMgp41 incorporated into virions, which was estimated as being 3.3-fold higher than in viruses produced by control cells (Fig. 2 Lower, lane 3 vs. lane 1), whereas the level of CAp24 was similar in both types of virions.
These data show that overexpression of TIP47 enhances Env incorporation into virions. Interestingly, HIV-1 infectivity was not modified by the 3-fold increase of viral Env content (Fig. 8D) .
Moreover, we could detect neither TIP47 (data not shown) nor HA-TIP47 in virions produced from cells overexpressing HA-TIP47 (Fig. 2 Interestingly, the CA domain, which is abundant in transfected HeLa cell lysates, was not coprecipitated with HA-TIP47. Thus, these data show that Gag binds to TIP47 and suggesting that the Gag-TIP47 interaction may require the MA domain that is present in both Pr55Gag and p41.
We then used an in vitro TIP47-binding assay to characterize the Gag precursor domain that is involved in the Gag-TIP47 interaction (Fig. 3B) . HA-TIP47 bound to MA (Fig. 3B, lane 4) but not to GST alone (lane 2) or to CA (lane 5). HA-TIP47 also interacts with itself ( Fig. 3B , TIP47, lane 6) and with the TMgp41 CD (Env HIV, lane 3), as shown in refs. 22 and 25. We confirmed the interaction between the MA domain and TIP47 by using a yeast two-hybrid assay (Fig. 9A , which is published as supporting information on the PNAS web site). Only the MA-containing constructs, MA and MA-CA, bound efficiently to TIP47. These results demonstrate that TIP47 physically interacts with Gag through the MA domain. We used several C-terminal-deleted constructs of MA in yeast two-hybrid assays to determine the MA region that is required for Fig. 4B Upper, ␣CAp24, lanes 6 and 11), showing that the S 5 V 6 -AA mutation blocked the intracellular maturation of Pr55Gag, whereas the W 15 E 16 -AA MA mutation had no effect on the Pr55Gag maturation (␣CAp24, lanes 4 and 9). A similar maturation defect has been previously described in viruses bearing S 5 -I or V 6 -R mutations in the MA domain (26) , mutations that remove, respectively, a critical residue for the MA myristoylation signal or for Gag-membrane binding. These results show that amino acids 5-16 of MA, which include residues W 15 E 16 , are required for TIP47 binding. We then checked Env incorporation of HIV-1 virus bearing the MA W 15 E 16 -AA mutation to correlate the absence of the Gag-TIP47 interaction with a defect in Env packaging. The same level of intracellular expression and processing of Gag was observed in Jurkat T cells producing WT or mutated HIV-1 viruses, whereas Env protein level was higher in cells producing mutated viruses (Fig. 5A Upper) GST-CAp24
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Ponceau S staining failed to replicate in T cells, whereas the HIV-1 WT virus productively infected these cells (Fig. 10 A and B) .
It was previously reported that a single amino acid substitution on residue W15 (indicated as W16 in ref. 17) or on residue L12 (11) blocks Env incorporation. Therefore, we tested whether these mutations or MA E 16 A single mutation still binds TIP47. Like the W 15 E 16 -AA mutant, the MA L 12 E and the MA W 15 A mutants had reduced binding capacity to TIP47 (Fig. 5B) . However, the MA E 16 A mutation was still capable of binding TIP47. Interestingly, appearance of a second-site revertant mutation on the V 34 I residue in the MA L 12 E domain led to a MA L 12 E-V 34 I mutant, which compensated the Env incorporation defect (6) and restored the interaction between TIP47 and the MA domain (Fig. 5B) .
Taken together, these results point out the requirement of MA-TIP47 binding for Env incorporation.
TIP47 Associates the MA Domain to TMgp41. TIP47 can interact with both the Env TMgp41 subunit and the MA domain of Gag. Therefore, to demonstrate that TIP47 can act as a ''bridge'' between Gag and Env, we performed in vitro binding studies with the three purified partners: TMgp41 CD (Fig. 6A , see the Ponceau red staining of GST-ENV HIV), TIP47, and the MA domain of Gag (see the purity of recombinant His-TIP47 and MA-His in Fig. 6B ). The TMgp41 CD fused to GST (GST-ENV HIV) was able to bind quantitatively to MA only in the presence of recombinant TIP47 (Fig. 6A Bottom, compare lanes 5 and 7) . Interestingly, TIP47 interacted with GST-ENV HIV in the absence of MA (Fig. 6A Middle, lane 6) as efficiently as in the presence of MA (lane 7). This experiment establishes that recombinant TIP47 binds both Env and Gag simultaneously (Fig. 6A, lane 7) and suggests that the formation of the ternary complex does not require the contribution of other cellular or viral proteins.
Then, we examined the effect of TIP47 depletion on the binding of Env to Gag in HeLa cells transfected with HIV-1 proviral DNA. Gag efficiently coimmunoprecipitated with TMgp41 in untreated cells (Fig. 6C, lane 2) or in cells treated with Luc siRNA (lane 3), whereas in TIP47-depleted cells, the association of Gag to TMgp41 was considerably reduced (Fig. 6C Lower, lanes 2 and 3 vs. lane 4) . These results demonstrate that TIP47 expression is required for the association of Gag with the TMgp41 subunit of Env in virionproducing cells.
Finally, we examined the colocalization of Gag, Env, and CD63, a cellular marker of the late endosomal compartment, in WT or mutant HIV-infected HeLa cells and in HIV-1-infected cells treated with TIP-B siRNA (see Fig. 11 A, which is published as supporting information on the PNAS web site). In WT HIV-1-infected cells, Gag and Env colocalized as yellow dots in patches at the cell surface ( Fig. 11 A a-d) . No colocalization was observed among Gag, Env, and CD63 simultaneously (Fig. 11 A d) . Impairment of the Gag-TIP47 interaction by MA W 15 E 16 -AA mutation (Fig. 11 A e-h ) or TIP47 silencing (Fig. 11 A i-l) resulted in the loss of colocalization between Gag and Env and did not induce significant modification of intracellular Gag localization (Fig. 11 A b, f,  and j) . Interestingly, we observed partial localization among Gag, 
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Cell lysate αCAp24 Env, and endogenous TIP47 in some spots in HeLa cells infected with HIV-1 (see Fig. 11B ). Taken together, these results suggest that TIP47 mediates a physical link between Gag and Env to ensure their intracellular encounter during viral assembly process.
TIP47 Is Required Specifically for HIV-1 Full-Length Env Incorporation.
We then examined the effect of TIP47 depletion on the infectious titers of HIV Gag particles pseudotyped with HIV-1 cytoplasmic tailless Env or with the VSV G heterologous envelope (Fig. 7) . As predicted, TIP47 depletion affected the pseudotyping of WT HIV-1 Env into HIV-1 Gag particles, thus decreasing by 10-fold the particle infectivity. In contrast, TIP47 silencing did not significantly modify the infectivity of WT HIV-1 Gag particles pseudotyped with the VSV G envelope or the infectivity of either WT or W 15 E 16 -mutated HIV-1 Gag particles pseudotyped with a cytoplasmic tailless HIV-1 Env. Thus, our data show that the incorporation of full-length Env into Gag particles is TIP47-dependent, whereas the mechanism of incorporation of the VSV G heterologous envelope or artificial cytoplasmic tailless HIV-1 Env is independent of TIP47.
Discussion
In this study, we show that the expression of TIP47 is essential for incorporation of the full-length HIV-1 envelope glycoprotein into Gag particles to confer full infectivity to budding HIV-1 virions. This conclusion is supported by the following results: (i) TIP47 silencing leads to impaired Env incorporation into viral particles and virion infectivity, (ii) overexpression of TIP47 causes a significant increase in Env incorporation, and (iii) TIP47 is essential for the incorporation of full-length HIV-1 Env, with its unusually long cytoplasmic tail, but is dispensable for the incorporation of HIV-1 Env, with a truncated cytoplasmic tail, or of the VSV G envelope. We also demonstrate that TIP47 binds to both the MA domain of Gag and the cytoplasmic tail of TMgp41 (TMgp41 CD), supporting a model in which TIP47 is essential for the association of these two crucial viral components to ensure Env incorporation into Gag particles. This model is supported by the fact that (i) mutations within the MA domain or the TMgp41 CD that inhibit their binding to TIP47 lead to impaired Env incorporation, (ii) Gag does not coimmunoprecipitate with Env in the absence of TIP47, (iii) TIP47 interacts simultaneously with both the TMgp41 CD and the MA domain, and (iv) the colocalization between Gag and Env requires TIP47 expression and MA-TIP47 interaction.
Previous evidence suggested a possible role for the MA domain of Gag in Env incorporation. Several mutations in the N-terminal region of MA were described as being responsible for the production of noninfectious virus by impairing Env incorporation (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . However, the molecular mechanism of such a defect was not elucidated. Here, we identified a mutation (W 15 E 16 -AA) in MA that results not only in defective Env incorporation but also in reduced binding to TIP47. We found that amino acid residues 5-16 of MA, a region containing the H1 helix of MA (residues 11-19; ref. 27) , previously implicated in the interaction with the AP3 adaptor (28) , are required for the binding to TIP47. In particular, we showed that the residues L 12 and W 15 are necessary for TIP47-MA interaction. Interestingly, some of these residues (L 7 S 8 , L 12 , W 15 E 16 K 17 , and W 15 ) have been reported as being critical for Env incorporation (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , and the second-site revertant mutant of MA, L 12 E-V 34 I, which recovers normal Env incorporation and infectivity (6), fully recovers TIP47 binding. These data show a strong correlation between the ability of MA to bind to TIP47 and its ability to incorporate Env into Gag particles and suggests that other regions of MA might also participate in the MA-TIP47 interaction. One cannot exclude that the Env incorporation defect observed with MA mutants may reflect the failure of the Gag-TIP47 interaction, as well as local or global MA misfolding and͞or modification of myristyl switching.
The involvement of cellular cofactors in Env incorporation into HIV-1 Gag particles has been suspected for many years (11, 16) . In this study, we identify TIP47 as a cellular cofactor that is essential in Env incorporation. TIP47 protein was initially identified as a partner of the mannose-6-phosphate receptors (MPRs) required for the endosome-to-TGN transport of MPR (23, 29) and that of HIV-1 Env (22) . TIP47 also binds directly to active Rab9 GTPase (30) , whose silencing resulted in a defect in HIV-1 replication (31). TIP47 has been described as a cytosolic and endosomal membranebound protein (23) , but a fraction was also found at the surface of lipid storage droplets (32) (33) (34) and at the P face of the plasma membrane (35) . To date, we do not know which fraction of TIP47 is required for Env incorporation, but a close association of TIP47 with a cellular membrane is presumably required for its function in Env packaging.
Our functional and biochemical studies support the model that TIP47 acts in Env packaging by facilitating an association between Gag and Env. Indeed, our in vitro binding assay with the three purified proteins demonstrates that TIP47 can bind both Env and Gag simultaneously, without the contribution of other cellular or viral proteins. However, it has been proposed that a direct interaction between MA and TMgp41 promotes Env packaging into virions (18) , which was demonstrated by a GST pull-down assay. But it is highly likely that the binding between the MA and the GST-TMgp41 CD observed in this study involved TIP47 molecules present in the lysate of the MA-transfected cells.
In addition to its role as a ''connector,'' TIP47 could also participate in Gag and Env trafficking throughout the intracellular compartments, allowing them to be in the right compartment for their encounter. We previously showed that TIP47 plays a major role in Env retrograde transport (22) ; however, we did not observed a role for TIP47 in proper Gag localization (see Fig. 11 ). Impairment of Gag-TIP47 interaction by TIP47 silencing or by mutation in MA modified neither Gag intracellular localization nor Gag budding at the cell surface, suggesting that the major function of TIP47 in HIV-1-infected cells is to physically link Gag and Env together during the viral assembly process.
The cellular location hosting the initial encounter of Gag, Env, and TIP47 is unknown. We observed mainly the colocalization of MA and Env at the plasma membrane, presumably representing the final stage of viral morphogenesis. The involvement of TIP47 in Env retrograde transport from late endosomes to the TGN raises the possibility that Gag could meet Env and TIP47 on endosomal compartments. This association could redirect this complex from the retrograde pathway to the plasma membrane. Further studies will be necessary to determine whether these interactions take place before or after recruitment of the ESCRT (endosomal sorting complex required for transport) machinery by Gag for HIV-1 budding (36-38). In conclusion, we have identified TIP47 as a cellular cofactor that is involved in the incorporation of full-length HIV-1 Env into HIV-1 Gag particles. This function involves the interaction between TIP47 and two essential viral proteins, Gag and Env, making TIP47 indispensable for HIV-1 Env incorporation and HIV-1 infectivity. These findings may provide insight into the development of innovative strategies for impairing the generation of infectious viruses and the spreading of HIV-1.
Materials and Methods
Incorporation Assays. Jurkat T cells (2 ϫ 10 6 ) resuspended in phosphate buffer-sucrose were electroporated with 5 l of a 1 mM solution of siRNA TIP-B (positions 495-512, 5Ј-ggacacgguggccacccaatt-3Ј) or control siRNA Luc (positions 153-173, 5Ј-cguacgcggaauacuucga-3Ј) with a Gene Pulser II electroporator with an RF module (Bio-Rad, Hercules, CA) (100 V; modulation, 50%; 25 kHz; 10 bursts of 2 ms; burst interval, 100 ms). Forty-eight hours later, cells were infected with WT HIV-1 HXB2R pseudotyped with VSV-G at a multiplicity of infection of 1. Eight hours later, cells were washed and placed in the presence of AMD3100, a CXCR4 inhibitor. The supernatants were collected 48 h later, 0.45-m-filtered, quantified for HIV-1 p24 antigen, and ultracentrifuged at 150,000 ϫ g for 1 h 20 min. Cell lysates and pelleted viruses were subjected to Western blotting with anti-p24 (ARP366, National Institute for Biological Standards and Control, Hertfordshire, U.K.), rabbit anti-TIP47, anti-TMgp41 (2F5, National Institutes of Health, Bethesda, MD), and anti-tubulin (DM1A, Sigma, Lyon, France) antibodies. For infectivity assay in T cells, the supernatants without AMD3100 were collected 24 h after infection.
Incorporation assays in Jurkat T cells with HXB2R MA W 15 E 16 -AA or Env Y 802 W 803 -SL mutants were carried out as described in ref. 22 .
For incorporation assays in the presence of overexpressed TIP47, HeLa cells were transfected with 4 g of HXB2R WT proviral DNA and 4 g of either pAS1B-HA-TIP47 or pAS1B vectors by using Lipofectamine 2000 reagent (Invitrogen, Cergy-Pontoise, France). Forty-eight hours later, cells and supernatants were treated as described above.
Infectivity Assays, Two-Hybrid Assays, and TIP47-Binding Assays.
These assays are described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Coimmunoprecipitation Experiments. We generated MA S 5 V 6 -AA and MA W 15 E 16 -AA mutant HIV-1 proviral clones by site-directed mutagenesis on the NarI-SpeI fragment (nucleotides 655-1524) from HXB2R. We transfected, using the Lipofectamine Plus reagent (Invitrogen), 2 ϫ 10 5 HeLa cells with 1 g of either the pAS1B-HA-TIP47 or pAS1B vectors and 1 g of one of the following proviral DNAs: HXB2R WT, HXB2R ⌬ENV (a virus that cannot express Env products; provided by F. Mammano 16 -AA. Forty-eight hours later, cells were harvested and lysed in lysis buffer (1% Triton X-100͞150 mM NaCl͞10 mM Tris⅐HCl, pH 7.5͞0.1% deoxycholate͞1 mM EDTA). The cell lysates were incubated with protein G-Sepharose beads and with anti-HA (12CA5, Roche, Basel, Switzerland) or anti-TMgp41 (41A, Hybridolabs, Paris, France) antibodies and then washed six times with the lysis buffer. Bound cellular proteins were subjected to Western blotting using rabbit anti-CAp24 (National Institutes of Health), human anti-TMgp41 (2F5), and rat anti-HA (3F10) antibodies.
For coimmunoprecipitation with siRNA against TIP47, 2 ϫ 10 5 HeLa cells were transfected with 30 nM TIP-A (positions 15-33, 5Ј-tgaagtcgcggccgctgtt-3Ј) or control Luc siRNA and either pcDNA3 or HXB2R WT proviral DNA by using Lipofectamine Plus reagent. After 24 h, the cells were transfected again with 30 nM siRNA by using Oligofectamine reagent (Invitrogen). The cells were lysed 48 h later and immunoprecipitated with anti-TMgp41 (41A) antibodies as described above.
